The human oesophageal epithelium is subject to damage from thermal stresses and low extracellular pH that can play a role in the cancer progression sequence, thus identifying a physiological model system that can be used to determine how stress responses control carcinogenesis. The classic heat shock protein HSP70 is not induced but rather is down-regulated after thermal injury to squamous epithelium ex vivo; this prompted a longer-term study to address the nature of the heat shock response in this cell type. An ex vivo epithelial culture system was subsequently used to identify three major proteins of 78, 70, and 58 kDa, whose steady-state levels are elevated after heat shock. Two of the three heat shock proteins were identified by mass spectrometric sequencing to be the calcium-calmodulin homologue transglutaminase-3 (78 kDa) and a recently cloned oesophageal-specific gene called C1orf10, which encodes a 53-kDa putative calcium binding protein we have named squamous epithelial heat shock protein 53 (SEP53). The 70-kDa heat shock protein (we have named SEP70) was not identifiable by mass spectrometry, but it was purified and studied immunochemically to demonstrate that it is distinct from HSP70 protein. Monoclonal antibodies to SEP70 protein were developed to indicate that: (a) SEP70 is induced by exposure of cultured cells to low pH or glucose starvation, under conditions where HSP70 protein was strikingly down-regulated; and (b) SEP70 protein exhibits variable expression in preneoplastic Barrett's epithelium under conditions where HSP70 protein is not expressed. These results indicate that human oesophageal squamous epithelium exhibits an atypical heat shock protein response, presumably due to the evolutionary adaptation of cells within this organ to survive in an unusual microenvironment exposed to chemical, thermal and acid reflux stresses.
The human oesophageal epithelium is subject to damage from thermal stresses and low extracellular pH that can play a role in the cancer progression sequence, thus identifying a physiological model system that can be used to determine how stress responses control carcinogenesis. The classic heat shock protein HSP70 is not induced but rather is down-regulated after thermal injury to squamous epithelium ex vivo; this prompted a longer-term study to address the nature of the heat shock response in this cell type. An ex vivo epithelial culture system was subsequently used to identify three major proteins of 78, 70, and 58 kDa, whose steady-state levels are elevated after heat shock. Two of the three heat shock proteins were identified by mass spectrometric sequencing to be the calcium-calmodulin homologue transglutaminase-3 (78 kDa) and a recently cloned oesophageal-specific gene called C1orf10, which encodes a 53-kDa putative calcium binding protein we have named squamous epithelial heat shock protein 53 (SEP53). The 70-kDa heat shock protein (we have named SEP70) was not identifiable by mass spectrometry, but it was purified and studied immunochemically to demonstrate that it is distinct from HSP70 protein. Monoclonal antibodies to SEP70 protein were developed to indicate that: (a) SEP70 is induced by exposure of cultured cells to low pH or glucose starvation, under conditions where HSP70 protein was strikingly down-regulated; and (b) SEP70 protein exhibits variable expression in preneoplastic Barrett's epithelium under conditions where HSP70 protein is not expressed. These results indicate that human oesophageal squamous epithelium exhibits an atypical heat shock protein response, presumably due to the evolutionary adaptation of cells within this organ to survive in an unusual microenvironment exposed to chemical, thermal and acid reflux stresses.
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The incidence and biology of oesophageal cancer in the developed world has undergone dramatic changes in the last two decades. The timescale of this change suggests a dramatic alteration in the microenvironment of the oesophagus due to alterations in patient life-style and understanding how this tissue responds to external stresses is therefore of fundamental interest. Cancer progression is presumably is driven in part by gastro-oesophageal reflux disease and progression to Barrett's epithelium, which is a preneoplastic cell type representing an intermediate in the cancer progression sequence to adenocarcinoma. The oesophagus is exposed directly to thermal injury, acid or bile stresses, and oxidizing chemicals from the environment. These agents can damage DNA and proteins over the lifespan of the cell, contribute to tissue damage, promote aging, and initiate diseases like cancer. Thus, it is of interest to define the upstream signal transduction pathways that orchestrate a cellular damage response in the oesophageal epithelium and to define how dysregulation of these stressresponsive networks contributes to tissue injury and cancer development.
Two major clinical models that have thus far given mechanistic insight into the multistep nature of human neoplasia include oesophageal and colorectal cancer [1, 2] . The development of neoplasia in both of these tissue types involve mutations in tumour suppressor genes such as p53, but vary strikingly in the stage of the neoplastic sequence in which such mutations occur. In colorectal cancers, mutations in p53 often occur relatively late in the progression sequence to carcinoma, while in the oesophagus p53 mutations can often occur earlier in dysplastic or even metaplastic cells [3, 4] . The earlier mutation pattern of p53 in the adenocarcinoma progression sequence of the oesophagus suggests a unique requirement for inactivation of the p53-dependent damage-induced pathway and presumably involves, in part, the type of microenvironmental damage imposed upon cells of the oesophagus. Consistent with this, it is important to point out that oesophageal cancers arise from two distinct natural histories with respect to p53 pathway perturbation. Squamous cell carcinomas of the oesophagus contain signature mutations in the p53 gene that suggest the involvement of DNA damaging agents or carcinogens, presumably due to life-style patterns such as cigarette smoking. In contrast, in metaplasia of the oesophagus or Barrett's epithelium, within the adenocarcinoma lineage, the p53 mutations arise from spontaneous deamination [3] , suggesting that a distinct life-style or environmental risk is involved in this type of cancer development. Further, morphologically indistinguishable adenocarcinoma can further be divided into two types that either do or do not overamplify a novel region of chromosome 5p [5] , thus highlighting that the study of this tissue is giving rise to new insights into the molecular nature of cancer progression.
Types of naturally occurring environmental agents that can activate p53 protein and that play a role in acid-reflux disease or progression to Barrett's epithelium in this tissue include stresses such as lowered oxygen concentration, low extracellular pH, and thermal injury. Such cellular damage or trauma appears to be an initiating event in the evolution of ulceration, p53 mutation, metaplasia, dysplasia, and adenocarcinoma [6 -12] . Cells of the normal oesophageal epithelium and Barrett's epithelium have therefore presumably evolved specific mechanisms to tolerate or repair injury induced by exposure to these and other damaging agents that are relatively unique to this tissue. It is of interest therefore to develop an understanding of the cellular defense systems that operate in parallel to p53 in the normal and Barrett's epithelium of the human oesophagus.
One of the most evolutionarily conserved and widely recruited cellular defense pathways comprise the stress protein or heat shock protein family members. These polypeptides termed molecular chaperones are classified based on differences in molecular masses, which generally include proteins of 25, 40, 60, 70, 90, and 110 kDa [13] . The biochemical function of molecular chaperones is thought to revolve around the regulation of protein folding, unfolding, intracellular transport, and protein degradation [14] . The biological consequences of stress protein induction in many cell types can involve, not only repair of damaged polypeptides and cellular survival after injury, but acquisition of thermotolerance or protection of cells from normally lethal levels of damage [15] . Although most studies on the stressprotein responses in mammals have been centered on in vitro studies using tissue culture cell lines, the effects of in vivo hyperthermia, inflammation, or damage on HSP induction are beginning to be unraveled using animal or organ models [16] . One of the most striking results to emerge from animal studies is the remarkable discordance in the expression of the HSP genes after physiological stress or heat shock in vivo [17, 18] . Together these observations indicate that environmentally or physiologically generated signals can activate the HSP pathway in vivo, but this is cell-specific, suggesting the existence of cell-type specific factors that control the organ responses to stress.
Given the attraction of using the epithelium of the human oesophagus as a model for heat, acid, and genotoxicdependent signaling pathways that activate stress-protein and p53 protein pathways, we had previously undertaken basic research to determine whether the major heat shockresponse pathway can be studied ex vivo with human oesophageal biopsies and to determine the types of stressprotein responses that are activated in this tissue. The initial work has defined the conditions for ex vivo organ culture and has shown that this tissue has the unusual property of surprisingly down-regulating the normal molecular chaperone HSP70 after thermal stress [19] . In this current study, we have developed methods to identify, purify, sequence, and characterize the major HSPs from normal squamous epithelium. Our data demonstrate that the squamous epithelium exhibits a relatively novel type of heat shock response thus highlighting a group of gene products whose function may regulate normal cellular integrity in squamous epithelial cells. The further study of this heat shock system may assist in shedding light on the regulatory changes that occur during the development of inflammation, dysplasia, and carcinoma in this relatively unique microenvironment.
E X P E R I M E N T A L P R O C E D U R E S
Ex vivo treatment and radiolabeling of normal human oesophageal epithelium
Oesophageal squamous epithelial biopsies were obtained from patients undergoing upper gastro-intestinal endoscopy. Biopsy specimens were taken from 28 to 34 cm from the patients teeth and the tissue was macroscopically normal, unless indicated to be Barrett's epithelium. All patients gave informed consent and the study has been approved by the Tayside Medical Ethical Committee. Samples were collected into NaCl/P i prechilled at 0 8C, the cells were transferred to a polyethylene dish in 200 mL of Hams-F10 (Gibco BRL) media preincubated at 37 8C in an incubator with 5% CO 2 and, after 5 min, transferred to fresh media containing sodium arsenite (250 mM or 500 mM) or ethanol (2 or 4%), as indicated. In order to induce the heat shock response, epithelial biopsies were transferred from NaCl/P i into Hams-F10 preincubated to 37 8C and either incubated at 37 8C or subjected to a 15-min heat shock (at 42, 45, or 55 8C) followed by an incubation for the indicated times at 37 8C. Following the ex vivo stress, the cells were either frozen in liquid nitrogen in order to examine the steady state pattern of protein synthesis using Coommassie stained SDS polyacrylamide gels or incubated with radioactive methionine for radiolabeling of proteins. To label the protein synthesized after or during stress, cells that had been incubating for 2 or 4 h in either sodium arsenite (500 mM) or ethanol (4%) were incubated in labeling media at 37 8C for 30 min prior to harvesting. Labeling media contained methionineand cysteine-free Dulbecco's modified Eagle's medium (DMEM; ICN) containing 10% dialyzed fetal bovine serum, 2 mM glutamine, 100 mCi : mL 21 of [ 35 S]methionine, and either sodium arsenite (500 mM) or ethanol (4%), as indicated in the figure legends. For labeling the polypeptides in heat shock cells, labeling media was also added and incubated at 37 8C for 30 min prior to harvesting, using epithelial biopsies that had been incubating for 2 or 4 h after a 15-min heat shock (55 8C). Relatively short radiolabeling times were employed, as prolonged exposure of cells to radioisotopes can activate a p53-dependent radiationresponsive stress pathway in normal cells [20] . Cells were frozen in liquid nitrogen and lysed as indicated below.
Lysis of squamous and Barrett's epithelium
Following ex vivo treatment of epithelial samples in defined media, frozen samples were lysed by homogenizing in lysis buffer (1% NP-40; 25 mM Hepes, pH 7.6; 5 mM dithiothreitol; 0.4 M KCl; 5 mM EDTA; 10 mM NaF; 2 mg : mL [21] . One-or two-dimensional gel electrophoresis was carried out as described previously [22] .
Mass-spectrometric analysis of heat shock proteins in normal squamous and Barrett's epithelium
Populations of normal squamous epithelium were lysed using urea lysis buffer (8 M After a further 18-h incubation without shaking, the aqueous supernatant was removed for mass spectrometric analysis as described below. The trypsinized peptide extract was passed through a GELloader tip which contained a small volume of POROS R2 solvent (PerSeptive Biosystems, Framingham, MA, USA). The absorbed peptides were washed and then eluted in 0.5 mL of a saturated solution of a-cyano-4-hydroxy-cinnamic acid (Aldrich Chemical, Poole, UK) in 50% acetonitrile/5% formic acid. The mass spectra were acquired on a PerSeptive Biosystems Voyager-DE STR MALDI-TOF mass spectrometer operated in the reflectrondelayed extraction mode. Spectra were calibrated internally using trypsin autodigestion products. A nonredundant protein sequence database was used for searches. Tryptic fragment masses (m/z ) were submitted to the Peptide Mass Fingerprint search form andanalysed using the MASCOT search engine (Matrix Science, http://www.matrixscience. com) and the NCBI primary sequence databases with parameters including: cysteine as S-carbamidomethyl derivative and maximum peptide mass error of 50 p.p.m. [47, 48] . Protein identification was determined by the generation of a high Mowse score (P , 0.05).
Purification of the radiolabeled 70-kDa heat shock protein
Human oesophageal epithelial cells from 60 biopsies derived from 20 patients (approximately 2 mg of total protein) were heat shocked, radiolabeled with [ 35 S]methionine, and lysed as described above. Soluble lysates were pooled and diluted 20-fold in buffer B (20% glycerol; 25 mM Hepes, pH 7.6; 5 mM dithiothreitol; 0.1% Triton X-100; and 1 mM benzamidine) to a conductivity equivalent to 20 mM KCl and the diluent was applied to a Q50 ion-exchange column (1 mL) equilibrated in buffer B containing 20 mM KCl. The bound protein was eluted with a 40-col.-vol. linear gradient from 20 mM to 500 mM KCl in buffer B at a 1-col.-vol. per h flow rate. Fractions (0.5 mL) were collected and localization of SEP70 protein during purification was performed as described below by fluorography. Following electrophoresis, polyacrylamide gels were fixed with 50% methanol/ 10% acetic acid and impregnated with Amplify (Amersham) for 30 min prior to drying. Gels from the purification were exposed to X-ray film at 270 8C for 2 months to visualize the radiolabeled stress protein.
Generation of monoclonal antibodies to the 70-kDa heat shock protein
The column fraction containing the bulk of the 70-kDa heat shock protein (named SEP70 protein) was used as an antigen to immunize mice for development of hybridoma cell lines to the protein using standard procedures [23] . Purified fractions of SEP70 protein were injected into two mice (1 mg per injection Â three injections) and spleenocytes were fused to SP2 myeloma cells to generate hybridoma cells. Individual hybridoma supernatants were first screened for IgG and then tested for antibodies that bind to purified SEP70 protein by denaturing immunoblots. Following hybridoma cloning, the antibody in supernatants was used directly for immunoblotting or for cell staining as indicated in the figure legends. The antibody used in this report to SEP70 protein is named MB-H2 (Moravian Biotechnologies).
Immunochemical methods
Following electrophoresis, protein from polyacrylamide gels was transferred to nitrocellulose (Amersham; Hybond C) and protein blots were blocked by incubating with NaCl/ P i /Tween/milk (NaCl/P i /0.1% Tween-20/5% milk), incubated with purified monoclonal antibodies (2 mg : mL 21 in NaCl/P i /Tween/milk) overnight at 4 8C, and developed with anti-(mouse IgG) secondary Ig conjugated to peroxidase using ECL (Amersham). Wistar rats (adult male) were subjected to whole body hyperthermia by first elevating the internal body temperature from 38 to 42 8C over a period of 15 min using a fan-assisted incubator, as indicated previously [17, 24] . Lysates were prepared using lysis buffer from the indicated tissues of animals, where body temperature had re-equilibrated to normal temperature 1 h or 2 h after the hyperthermia regime, and were a gift from B. Vojtesek, Masaryk Cancer Institute, Czech Republic. The monoclonal antibodies were obtained as indicated: monoclonal antibody to HSP70 protein (SPA-710) was obtained from Stressgen; the monoclonal antibody with broad crossreactivity to HSP70; HSC70; and HSP70-2 (MB.H1) was generated as described previously [19] .
Cell staining
Using paraffin embedded human tissue blocks, 4-to 6-mm sections were cut, mounted on slides, de-waxed in xylene and rehydrated in decreasing alcohol concentrations. Endogenous peroxidase was blocked by treatment with 1% hydrogen peroxide in NaCl/P i for 20 min After washing in NaCl/P i , the sections were blocked by treatment with 5% nonfat dried milk in NaCl/P i for 60 min The MB-H2 monoclonal antibody in hybridoma supernatant was applied at a dilution 1 : 40 for 1 h at room temperature. After three washes in NaCl/P i , the biotinylated secondary antibody/ peroxidase-streptavidin complex was applied and incubated for 60 min at room temperature and washed in NaCl/P i . The color reaction was developed using a diaminobenzidine peroxide solution (0.2% diaminobenzidine in 0.2% hydrogen peroxide in NaCl/P i for 5 min). Finally, after washing in water and 70% ethanol, the nuclei were counterstained in Harris' haemotoxylin, washed in water, dehydrated, cleared and mounted.
Development of a cultured cell model to study low pH induction of SEP70 protein A cancer cell line derived from squamous epithelium (HeLa cells) were grown at 37 8C in DMEM medium containing 10% serum. Cells were exposed to low pH as described previously using methods to demonstrate p53 induction [25] and glucose starvation was performed using DMEM media lacking glucose (Gibco). Whole cell lysates from HeLa cells were prepared by adding detergent in lysis Buffer [1% IGEPAL (Sigma); 50 mM Hepes (pH 7.6); 5 mM dithiothreitol; 0.4 M KCl; 1 mM benzamidine, and including 50 mM NaF, and 120 nM okadaic acid to preserve phosphoepitopes] to cell pellets and incubating on ice for 15 min Following centrifugation at 10 000 g for 10 min at 4 8C, the extracted protein was quantitated using the method of Bradford [21] .
R E S U L T S
Heat shock stress in normal squamous epithelium selectively decreases HSP70 protein levels Following a 15-min heat shock at 55 8C, the ex vivo incubation of squamous epithelial biopsies at 37 8C for four hours (Fig. 1A, lane 3 ) gave rise to a striking reduction in the steady-state levels of HSP70 protein (compared to Fig. 1A, lanes 1 and 2) . The addition of the heat shock mimetic, arsenite, did not alter the steady-state levels of HSP70 (Fig. 1A , lanes 5 and 6 vs. lane 4), indicating that the down-regulation of HSP70 protein is not a nonspecific toxic effect of damage to the epithelial cells. In addition, the ex vivo incubation of squamous epithelial biopsies with 4% (v/v) ethanol for 4 h (Fig. 1A, lane 8) also gave rise to a reduction in the steady-state levels of HSP70 protein (compared to Fig. 1A, lanes 7 and 4) , indicating that stresses other than thermal injury can result in the down-regulation of HSP70 protein in this cell type.
This down-regulation of HSP70 protein after heat shock or ethanol stress to a cell is relatively unique and a series of controls was performed in order to further clarify the specificity of the response. First, it may be possible that the squamous epithelial cells are simply killed by the rather severe heat shock of 55 8C resulting in degradation of total protein. However, the human oesophageal epithelium in vivo can be subjected to temperature stresses of up to 65 8C and higher [46] , suggesting that it may have a potent stress-response survival system. In addition, the drinking of very hot beverages, but not ethanol intake or smoking, is an important risk factor for cancer progression in the oesophagus [26] . The cancer risk associated with heat shock of the oesophagus may be due to thermal injury induced on the cells and associated tissue regeneration that occurs in the presence of refluxed acid from the stomach. These data highlight the unusual heat stresses imposed upon the human oesophagus. The use of ex vivo organ cultures containing human oesophageal biopsies was pioneered previously, where it was shown that the cells remain viable as defined by trypan-blue exclusion [19, 45] . In addition, the heat-shocked or ethanol-treated cells can synthesize a distinct, but overlapping set of polypeptides after stress (see below), indicating that the cells are viable four hours after injury with respect to stress-induced protein synthesis. The epithelial cells can survive in culture and continue to undergo protein synthesis for at least 24 h after heat shock [19] .
A second concern with respect to the reduction in HSP70 protein levels after heat stress to squamous epithelial cells is that it may simply be a consequence of total protein reduction. To address this, we also immunoblotted for the related HSP70 family member, HSC70 (Fig. 1B) . Although increasing the temperatures from 37 8C up to 55 8C resulted in a gradual reduction in the steady-state levels of the classically stress-induced HSP70 (Fig. 1B, lanes 2-5) , the steady-state levels of the constitutive HSC70 protein family member remained unchanged (Fig. 1B, lanes 7 -10) . Additionally, the major 70-kDa squamous epithelial cellspecific heat stress protein we have named SEP70 protein can be induced after ex vivo heat shock of squamous biopsies (see below). Together, these data demonstrate that a relatively specific down-regulation of HSP70 protein can occur in this cell type after heat stress.
A third concern with respect to the reduction in HSP70 protein levels after heat stress to squamous epithelial cells is that we have not demonstrated that the immunochemical assay we have used can actually measure the classic increases in HSP70 protein levels in normal tissue after heat shock. Previous studies had demonstrated the conditions for inducing a heat shock response in vivo in the Wistar rat strain [17, 24] and this assay was used to determine whether HSP70 protein increases were in fact a consequence of heat shock in many different organs. Thus, whole body hyperthermia at 42 8C in Wistar rats gave rise to an increase in HSP70 protein in the lung, liver, kidney, spleen, and adrenal gland 1 h or 2 h after a 15-min heat shock (Fig. 2, lanes 3  and 2 vs. lane 1) . The temperature gradient shows that at 42 8C there is a reduction in the steady-state levels of HSP70 in squamous epithelium ex vivo (Fig. 1B) , which is within the range of the temperatures achieved during in vivo hyperthermia. The small intestine, thymus, cardiac tissue, and skeletal muscle also exhibited an increase in HSP70 protein levels after heat shock (data not shown). This also indicates that the squamous epithelium exhibits a relatively unusual type of heat shock response involving the down regulation of HSP70 protein and prompted an analysis of the types of proteins that are in fact synthesized after heat shock in this cell type.
Three abundant polypeptides are selectively synthesized in heat shocked squamous epithelium An investigation was subsequently carried out to determine whether squamous epithelium could in fact synthesize specific sets of polypeptides after stress. The ex vivo treatment of squamous epithelial biopsies with heat shock, ethanol, or arsenite gave rise to an overlapping but distinct change in the pattern of protein synthesis. In all three cases, the steady-state level of protein synthesis after stress was monitored by radiolabeling the cells with [ (Fig. 3, lanes 3 and 4 vs. lanes 1 and 2) . The 4% ethanol-exposed cells also resulted in the synthesis of a 33-kDa protein that was not observed in untreated, arsenite treated, or heat shocked cells (Fig. 3, lane 4 vs. all other lanes).
Focusing on heat shock, since it may be in part a contributing factor to cancer development [26] , a set of three key proteins exhibiting molecular masses of 58, 70, and 78 kDa are reproducibly elevated when biopsies from different patients were analyzed after a 45 8C or a 55 8C heat shock by radiolabeling of cells with [ (Fig. 3,  lanes 5 and 6, vs. lanes 1-4) . There is therefore some similarity between ethanol and heat shocked squamous epithelium: (a) HSP70 protein is down regulated (Fig. 1)   Fig. 2 . HSP70 protein accumulates after heat shock in many tissue types. Tissues were subjected to hyperthermia for 15 min as indicated in the Experimental procedures and lysates were processed for immunoblotting using the HSP70-specific monoclonal antibody (Stressgen) in order to quantitate changes in HSP70 protein levels, as reported in the legend for Fig. 1 . From the top to bottom panels, lung, liver, kidney, spleen, and adrenal gland were either untreated (lane 1) or harvested 1 h (lane 2) or 2 h (lane 3) after the heat shock. A ' 1'above the lane indicates whether stress was imposed on the cells and HSP70 protein is marked by an asterisk.
and (b) both 70-and 78-kDa proteins are synthesized after stress (Fig. 3) . Using SDS/PAGE combined with Coomassie blue staining of the total polypeptide, in order to examine the steady-state pattern of protein synthesis, a selective accumulation of proteins of a similar molecular mass (58, 70, and 78 kDa) are also observed 2 and 4 h after a 15-min heat shock at 55 8C (Fig. 4 , lane 2 and 3 vs. lane 1). Each of the three heat shock proteins were purified by gel electrophoresis and subjected to trypsinization followed by mass spectrometry for identification (Fig. 5 ). An unusual pattern of heat shock proteins was defined using this analysis in this cell type. First, the 78-kDa protein was identified as transglutaminase-3 (glutamine glutamyltransferase E3 precursor; EC 2.3.2.13), a protein whose gene was interestingly identified recently [27] as being highly expressed in normal oesophagus but not in oesophageal cancers. In addition, the 58-kDa heat shock protein named C1Orf10 (encoding a gene product of a predicted molecular mass of 53 kDa) was also cloned recently and its expression was reported to be uniquely specific to the normal oesophagus [28] . The function of C1Orf10 was not previously reported, but as we show its pronounced synthesis after heat shock, we have named the protein SEP53 (squamous epithelial heat shock protein 53). Although the synthesis of transglutaminase-3 and SEP53 after stress has not been reported, the independent discovery that these genes are expressed in the oesophagus was important verification that the proteins we identified may be important in oesophageal cell metabolism. Thus, these two polypeptides represent a relatively novel and atypical type of heat shock response that provides a foundation for dissecting squamous cell-specific stress responses. The third heat shock protein of molecular mass 70 kDa could not be unambiguously identified by mass spectrometry possibly because the protein does not match a polypeptide in the human genome data base. In addition, as this 70-kDa protein may be a member of the HSP70 family of stress proteins, as a final characterization of these heat shock proteins, we carried out an immunochemical analysis to determine whether the 70-kDa protein was or was not identical to HSP70. , then transferred to fresh media followed by an incubation for four hours at 37 8C. Four hours after each stress, cells were harvested and processed using SDS/PAGE and stained with Coomassie blue. A ' 1'above the lanes indicate whether heat shock was imposed on the cells. The arrows mark the position of the three major heat shock proteins.
The squamous-cell specific 70-kDa heat shock protein and HSP70 exhibit distinct expression profiles
In order to generate monoclonal antibodies to the major squamous-cell specific 70 kDa stress protein (now named SEP70 for squamous epithelial heat shock protein 70), a purification scheme was first developed to enrich for this polypeptide from normal epithelial biopsies obtained from patients undergoing endoscopic surveillance for gastroreflux disease. Although purification of the 70-kDa SEP70 protein based on its molecular mass is possible, given that other proteins of a similar size may copurify with SEP70, like HSP70, we developed a radioactive assay to monitor its elution profile during chromatography. As HSP70 protein is down-regulated by heat shock and presumably not synthesized ( Fig. 1 ), this tagging assay should enrich for SEP70 and reduce contamination by HSP70. Biopsies were first pulse-labeled for 4 h with [
35 S]methionine after a 15-min heat shock in order to 'tag' the stress-induced SEP70 protein. Approximately 60 biopsies were collected, heatshocked, pulse-labeled, and frozen over a period of 18 months, following which radioactively labeled SEP70 protein was then detected during the purification using SDS/PAGE and fluorography in order to localize its elution peak. The two major radiolabeled and heat induced polypeptides (SEP70 and SEP53) eluted differentially at a conductivity equivalent to buffer B containing approximately 75 mM KCl, with the bulk of C1Orf10 protein (SEP53) eluting prior to that of SEP70 protein (Fig. 6A, lanes 3-5; upper arrow) . A Coomassie blue stained SDS polyacrylamide gel shows the relative purity of the individual fractions in this region of the gradient (Fig. 6B, lanes 3-5) . The yield of SEP70 protein was approximately 20% with 7 mg acquired from 2 mg of lysate. An immunoblot was used to confirm that SEP70 protein ( Fig. 1 A and 1B, lanes 3-5) is not identical to the major stress-70 family isoforms, based on its lack of binding to monoclonal antibody MB-H1 (Fig. 6C, lanes 1-7) , an antibody that cross-reacts with HSP70, HSP70-2, and HSC70 proteins. Five stable hybridoma cell lines that produce monoclonal antibodies to SEP70 protein were generated and reported here is the characterization of one of the monoclonal antibodies that has been classified as IgG1 (MB-H2). An immunochemical blot with MB-H2 demonstrates its specificity for SEP70 protein eluting from the Q-50 column (Fig. 6D, lanes 3-5) and its lack of binding to HSP70 protein (Fig. 7) .
Further immunoblotting analysis with MB-H2 shows that it detects from crude lysates derived from biopsies of human oesophageal epithelium a single protein at a molecular mass of 70 kDa (Fig. 7A, lane 1) , and that it does not bind to HSC70 or HSP70 proteins (Fig. 7A, lanes 3 and 4) , indicating that MB-H2 has a high specificity for SEP70 protein. In addition, after ex vivo heat shock, the steady-state SEP70 protein levels increase (Fig. 7A , lane 2 vs. lane 1 and lanes 6 vs. 5), under conditions where HSP70 protein levels decrease and HSC70 protein levels remain constant (Fig. 1B) . A similar mutually exclusive expression of SEP70 and HSP70 can be seen in cultured cells (see below). Immunohistochemical cell staining of paraffin-embedded blocks was performed to determine the cell types where SEP70 protein was expressed within the epithelial biopsy. A striking staining pattern was observed for SEP70 protein in the suprabasal layer of the normal oesophageal epithelium and SEP70 protein was predominantly cytoplasmic with some nuclear staining (Fig. 7B) .
In addition to heat shock, low extracellular pH may be an important factor that effects the stress response in epithelial cells. However, we have not been able to demonstrate that pH stress can induce SEP70 in ex vivo biopsies (data not shown), possibly because the cells have been exposed to maximal levels of acid reflux prior to endoscopy. As such, cultured cell lines were also screened to determine whether low extracellular pH affects SEP70 protein expression. The cell line that was best able to respond was a HeLa cell, which is a tumour cell line derived originally from cervical squamous epithelium. Although the relationship between HeLa cells and human squamous epithelium is not clear, the use of human biopsies as a routine model is very complicated and a proliferating cell model is required that at least mimics the biochemical observations that HSP70 and SEP70 expression responds differently in squamous epithelium. Although reduction in the pH of the media from 7.4 to 7.0 had little effect on SEP70 levels or HSP70 protein levels in HeLa cells (data not shown), further reduction in extracellular pH led to a striking and relatively rapid induction of SEP70 protein (Fig. 8A, lanes 1-4 , top panel) and down regulation of HSP70 protein (Fig. 8A,  lanes 1 -4, bottom panel) . Such mutually exclusive expression of SEP70 and HSP70 is observed in stressed human oesophageal biopsies (Fig. 7 vs. Fig. 1) and provided a unique model to dissect the acid-dependent signaling pathways that regulate SEP70 protein synthesis. Four hours following the acidification of the media, SEP70 protein levels declined back to basal levels and the HSP70 protein levels rose to preacidification levels (Fig. 8A , lane 4 vs. lane 3). This phenomenon is probably due to the changes in the extracellular pH that occurs in bicarbonated tissue culture media in a CO 2 -controlled incubator. When the tissue culture media is initially buffered to a lower pH, there is a relatively rapid drift back to neutral pH when placed in the incubator due to the bicarbonate buffering mechanism (Fig. 8C) . It is presumably after the re-neutralization of the media that the SEP70 protein declines back to its normal levels and HSP70 down-regulation is reversed. The exposure of cells to a variety of DNA damaging agents did not induce SEP70 in cultured cells (data not shown), distinguishing SEP70 from other common HSP70-responsive stress pathways. Given that the pleiotropic effects of acid on cell viability may involve alterations in energy metabolism we investigated whether metabolic starvation also affected SEP70 expression. A slower, but prolonged induction of SEP70 protein was achieved by either glucose starvation (Fig. 8B, lanes 1-4, top panel) or pyruvate starvation (data not shown). A similar downregulation of HSP70 occurred when SEP70 was induced (Fig. 8B, lanes 1-4, bottom panel) . These latter results indicate that SEP70 protein belongs to the glucose regulated family of stress proteins including GRP78, HSP75, and the 70-kDa redox protein ERP72/CaBP2. Antibodies to these GRP family members, however, failed to cross-react with SEP70 and SEP70-specific monoclonal antibodies did not react with these isoforms (data not shown).
Variable expression of SEP70 protein in Barrett's epithelial cells
Having established that SEP70 is a functional acid-responsive stress protein of the glucose-regulated family of proteins that is immunochemically distinct from HSP70 protein, we hoped to use our panel of anti-SEP70 monoclonal antibodies to determine whether HSP70 and SEP70 protein exhibit altered expression in Barrett's epithelium, a preneoplastic lesion on the cancer progression sequence leading to adenocarcinoma. Two distinct outcomes were predicted from the onset regarding SEP70 protein and/or HSP70 protein expression in Barrett's epithelium. First, as Barrett's epithelium is a tissue where p53 mutations are beginning to be observed, a down-regulation in the major acid-responsive stress-protein SEP70 and/or HSP70 in this chemically harsh microenvironment is postulated to contribute in part to an accelerated rate of oxidative cell damage over the patients life. Alternatively, stresses imposed upon Barrett's epithelial cells may up-regulate SEP70 protein or HSP70 protein in order to confer 'survival' advantage to proliferative cells growing under chronic exposure to acid/ bile reflux and/or carcinogens from food intake. Either of these two possibilities are consistent with the known role of stress proteins as anti-apoptotic factors (contributing to survival of damaged neoplastic cells) [16] or as factors that can maintain cell integrity (whose loss contributes to accelerated cell damage) [18] . Fig. 6 . Q-50 Sepharose chromatographic purification of SEP70 protein. SEP70 protein was purified from biopsied and heat-shocked human squamous cell epithelium as indicated in the Experimental procedures. Soluble lysates were diluted, applied to an ion-exchange column, and the bound protein was eluted as indicated in the Experimental procedures. Individual fractions were assayed by electrophoresis as follows: (A) fluorographic exposure for 2 months to detect radioactive SEP70 (top arrow) and SEP53 (bottom arrow) proteins using an 8% polyacrylamide gel to enhance electrophoretic separation of SEP53 from SEP70; (B) Coomassie blue stained gel of column fractions using 12% SDS polyacrylamide gel to detect the bulk of protein; (C) an immunochemical blot with antibodies to HSP70/ HSC70 (MB-H1) using the protein in the column fractions; and (D) an immunochemical blot with a monoclonal antibody generated to SEP70 protein (MB-H2) using the protein in the column fractions. The samples are as follows; lanes 1-7 (fractions 1-7 from 60 mM to 90 mM KCl which eluted from the ion exchange column during the gradient and which contain the peak of radioactive SEP70 protein). The '*' in fraction 4 (lane 4) marks the peak elution of SEP70 protein. Fig. 7 . SEP70 protein levels are elevated after a heat shock in human oesophageal squamous epithelium. Epithelial biopsies were transferred from collection media into Hams-F10 preincubated to 37 8C and either incubated at 37 8C or subjected to a 15-min heat shock (at 55 8C). Following the heat shock, the cells were incubated for 4 h at 37 8C and cells were frozen in liquid nitrogen. Cells were lysed as indicated in the experimental procedures and lysates (5 mg per lane) were applied to a 12% SDS polyacrylamide gel and the protein was blotted to nitrocellulose to probe for SEP70 protein. MB-H2) were used for immunoblotting, as indicated. (C) Changes in pH that occur after initial acidification of the tissue culture media. DMEM media was acidified as described previously. Briefly, after acidification with HCL to the indicated pH (cross-hatch bars), fetal bovine serum (FBS, 10%, v/v) was added and the pH was measured (white bars). After incubating at 37 8C in a CO 2 controlled incubator for 1 h, the pH was re-measured (black bar) showing that a re-buffering occurs during the incubation.
A collection of Barrett's biopsies and normal squamous epithelium were first examined microscopically to confirm morphological character. In addition, proteomic analysis was performed in order to fingerprint these tissue types molecularly and to provide us with a better method for normalization of normal and Barrett's epithelial biopsies between patients. Lysates from normal and Barrett's epithelial cells were then separated using two-dimensional gel electrophoresis to identify proteins that are differentially expressed (data not shown). The identification by mass spectrometry of one the major proteins specifically expressed in Barrett's epithelial cells as anterior gradient-2 protein [29] was confirmed by immunoblotting (Fig. 9A,  lanes 4-6 vs. lanes 1 -3) . Thus, these molecular analyses provided a fingerprint of candidate polypeptides of known identity whose differential expression provide us an internal profile to normalize the integrity and identity of the different Barrett's epithelial cells and normal biopsies from different patients. Additionally, the mutually exclusive expression of these marker proteins makes it certain that normal epithelium does not contaminate the Barrett's epithelial cells and vice versa.
The same biopsied material as that used in experiments described in Fig. 9A from normal and Barrett's epithelium were used to analyze SEP70 and HSP70/HSC70 protein levels by denaturing immunoblotting. Interestingly, HSP70/ HSC70 proteins are not expressed in the Barrett's epithelial cells (Fig. 9B, lanes 4-6 vs. lanes 1-3) , providing evidence that stress-protein down-regulation can occur in preneoplastic cells of the oesophagus in a microenvironment where stress-protein protective pathways will presumably be important to maintain cell integrity and minimize injury. In contrast to hAG-2 and HSP70/HSC70 proteins that are uniquely expressed in one or the other epithelium, SEP70 expression in Barrett's epithelium was divided into three distinct classes (Fig. 9C, lanes 4-6) . One class (27%) did not synthesize detectable levels of SEP70 protein at all (Fig. 9C, lane 6) . A second class (27%) produced large amounts of SEP70 protein (Fig. 9C, lane 5) , which cannot be explained by contamination of normal tissue in the Barrett's biopsy, as this biopsy expresses high levels of hAG-2 (Fig. 9A, lane 5) and no HSP70/HSC70 (Fig. 9B,  lane 5) . A third group (45%) expresses very small amounts of SEP70 protein along with a higher molecular mass crossreacting species (Fig. 9C, lane 4) . These data distinguish SEP70 protein from HSP70 protein in Barrett's epithelial cell populations. Additionally, this indicates that one the of the major squamous epithelial heat shock proteins (SEP70) is variably expressed in Barrett's epithelial cells and identify a stress pathway whose altered expression may play a role in regulating the extent of tissue injury and cancer progression.
D I S C U S S I O N
Although the link between genetic lesions and carcinogenesis has clearly established the role that oncogene and tumour suppressor mutations play in growth control, growing evidence suggests that environmental damage leading to normal tissue trauma may be associated with early stages of neoplasia [4, 11, 12] . The human oesophageal epithelium provides a unique model to study role of tissue cell repair pathways in modifying the oncogenic and tumour suppressor pathways that regulate proliferation control. As primary stress responses are likely to play an important role in minimizing oesophageal tissue damage and injury, we have set up a system to study the basic damage responses in human epithelial biopsies. Previous results have indicated that stress-protein responses in human oesophageal epithelial cells can be studied ex vivo and parameters have been defined that permit analysis of the stress responses [19] . Critical to such analyses using tissue biopsies is the relatively narrow window permitting analysis of stress Fig. 9 . Proteomics provides a molecular fingerprint to normalize the integrity of normal and Barrett's epithelium: SEP70 and HSP70 protein exhibit distinct expression profiles in Barrett's epithelial cells. Three distinct class of Barrett's epithelium were found based on differences in SEP70 protein levels. Representative lysates from three normal squamous epithelial biopsies (5 mg per lane, lanes 1-3 and three Barrett's epithelial biopsies, 5 mg per lane, lanes 4-6) were separated using a one-dimensional polyacrylamide gel. (A) A novel marker protein to ensure the purity of Barrett's epithelium: hAG-2 protein is selectively expressed in Barrett's epithelial cells. A novel marker protein specific for Barrett's epithelium was identified by this lab using mass spectrometric fingerprinting as anterior gradient protein-2 (hAG-2) (data not shown). Epithelial lysates were applied to a 12% SDS polyacrylamide gel and the protein was blotted to nitrocellulose to probe for hAG-2 protein levels using a polyclonal antibody that was generated from the recombinant hAG-2 gene [29] . An asterisk marks the migration of the 18-kDa protein hAG-2. (B) A marker protein to ensure the purity of squamous epithelium:HSP70/HSC70 protein is selectively expressed in normal squamous epithelial cells. Epithelial lysates (5 mg per lane) from normal (lanes 1-3) and Barrett's epithelial biopsies (lanes 4-8) were applied to a 10% SDS polyacrylamide gel and the protein was blotted to nitrocellulose to probe for HSP70/HSC70 protein levels using the monoclonal antibody MB-H1. An asterisk marks the migration of the HSP70/HSC70 protein. (C) SEP70 protein is variably expressed in Barrett's epithelial cells. Epithelial lysates (5 mg per lane) from normal (lanes 1-3) and Barrett's epithelial biopsies (lanes 4-8) were applied to a 10% SDS polyacrylamide gel and the protein was blotted to nitrocellulose to probe for SEP70 protein levels using monoclonal antibody MB-H2. The lower asterisk marks the migration of the 70-kDa SEP70 protein and the upper asterisk marks the migration of a larger species that cross-reacts with the monoclonal antibody to SEP70 protein, MB-H2.
responses before the cells become metabolically damaged ex vivo. In addition, the atypical decline in steady state levels of HSP70 protein after heat shock or ethanol exposure along with the predominant synthesis of a set of polypeptides ranging from 58 to 78 kDa (Fig. 3) , spurred further investigation into the basic stress-responses in this cell type.
We first report on the identification of two of the three major heat shock proteins in normal squamous epithelium using mass spectrometry and the characterization of the third stress protein that was undefined by this sequencing method. Transglutaminase-3 is an enzyme that can catalyze the cross-linking of peptide-bound glutamine residues to primary amines [30] . Intriguingly, the cross-linking of interleukin-2 by transglutaminase can also activate cell death by p53 [31] , suggesting that this stress protein will be linked to tumour suppression by p53. Consistent with this, a recent study has shown that transglutaminase-3 is not expressed in over 90% of oesophageal cancers, compared to normal mucosa from the same patient, suggesting that loss of its function can be associated with cancer development [27] . In addition, a new calcium-binding protein of 146 amino acids, named calmodulin-like skin protein (CLSP), was shown to be 100% identical to transglutaminase-3 [32] . Thus, our identification of this enzyme as a stress protein suggests an involvement of calcium-dependent and p53-dependent signaling pathways in squamous stress responses.
Interestingly, the 58-kDa stress protein was identified as a novel gene (C1Orf10) that also contains putative calcium binding motifs. C1Orf10 (SEP53) is highly expressed in oesophageal tissue, but not 15 other glandular tissues sites and it is not expressed in over 95% of oesophageal cancer examined [28] . Additionally, in searching human and mouse expressed sequence tag databases, C1Orf10 (SEP53) was found expressed in human cervical squamous epithelium and in murine skin (data not shown). These data suggest that C1orf10 (SEP53) is a squamous cell-specific polypeptide. The 70-kDa protein named SEP70 protein could not be defined at the primary amino-acid level using mass spectrometry presumably due to the possibility that the SEP70 gene is not yet accessible to translation using the current database. Because the atypical feature of the squamous epithelium was the down-regulation of HSP70 protein (Fig. 1) , we therefore developed set of biochemical criteria to determine whether SEP70 is distinct from or similar to HSP70 protein.
The first key criteria was the mutually exclusive expression of SEP70 protein and HSP70 protein in heat shocked squamous epithelium and in acid-treated or glucose starved cultured cell lines. The rapid synthesis of SEP70 after low pH or glucose stress indicates that it is a member of the 70-kDa glucose-regulated stress protein family, while the striking down-regulation of steady-state levels of HSP70 under these same conditions is unusual for this latter stressprotein family member. The classic mammalian stress-70 protein ('heat-shock') family is composed of constitutive and inducible homologues that can play distinct roles in the metabolic control of normal or damaged cells and differences in peptide-binding specificities amongst various members of the stress-70 protein family suggest that peptide-binding determines, in part, the actual function of the protein. HSP70 protein is the classic heat induced polypeptide that is synthesized in most prokaryotic and eukaryotic cell types in response to thermal stress [14] . HSP70 protein synthesis in mammals is increased after cellular injury due to activation of the heat shock transcription factors HSF1 or HSF2, which bind to and activate transcription from the hsp70 gene [33] . p75 is a mitochondrial member of the stress-70 family of proteins that can be expressed in response to glucose deprivation or ischemia [34] . HSC70 protein is constitutively expressed in eukaryotic cells and, although it presumably participates in a variety of biochemical reactions, it can clearly play a role in the dissociation of clathrin from coated vesicles permitting vesicle fusion with its target [35] . BiP (Grp78) is localized in the ER and is required for translocation of newly synthesized polypeptides across the ER membrane [36] . In addition to the induction of stress-70 homologues (mitochondrial p75 and Grp78) by glucose starvation, a 70-kDa stress protein named Erp72, with homology to protein disulfide isomerases, is also induced by glucose starvation [37] . Available antibodies to the glucose regulated Erp72, Grp78, and p75 do not cross-react with SEP70 (data not shown) indicating that SEP70 is distinct from these isoforms.
The second key criteria developed to determine whether SEP70 protein was distinct from HSP70 involved examining whether SEP70 and HSP70 expression in Barrett's epithelium was distinct. Either SEP70 and/or HSP70 protein would be up-regulated in Barrett's epithelial cells to control cell integrity and enhance preneoplastic cell survival and clonal expansion in response to chemical stress or SEP70 and/or HSP70 protein would be down-regulated in Barrett's epithelial cells thus possibly contributing to accelerated cell damage. These hypotheses are based on the behavior of well-studied heat shock proteins, as organ models in mammals have indicated a therapeutic effect of activation of the heat shock pathway on tissue integrity and repair. Whole body hyperthermia [38, 39] or in vivo transfection with the Hsp70 gene can protect from myocardial damage in response to ischemia and repurfusion [40] . Heat shock by perfusion in kidney can protect the tissue from damage induced by warm ischemic injury [41, 42] . Strikingly, whole body hyperthermia 20 h prior to a normally lethal dose of radiation can prevent chromatin fragmentation as well as thymocyte and bone marrow cell death [43] , indicating that hyperthermia can be a potent radioprotector from p53-dependent apoptotic pathways in vivo. Our data showing that HSP70 protein is not expressed in Barrett's epithelial cells whilst SEP70 protein is variably expressed first suggests that the two pathways are indeed distinct. Second, that fluctuating SEP70 protein expressions occurs in a microenvironment where chronic chemical stress will presumably play a role in disease progression focuses attention on this signal transduction pathway as important for future studies. Our analysis of heat shock protein expression in an oral cancer progression model has also demonstrated that SEP70 protein expression is elevated in the transition for normal to low-grade dysplasia and HSP70 protein changes its intracellular localization under the same conditions (G. Ogden, N. Kernohan and T. Hupp, unpublished results). Our current interest is in determining whether transglutaminase-3, SEP53, and SEP70 stress protein pathways respond to the same signaling lesion and whether their altered expression can further predispose a cell to acid and thermal injury and inactivation of p53 protein or, alternatively, whether forced re-expression of transglutaminase-3, SEP53, and/or SEP70 could reduce the rate of chronic oxidative injury in Barrett's epithelial cells, which would provide evidence for the importance of these protective pathway in regulating the rate of cancer progression, as has been observed with the antioxidant GST in animal models of chemical oxidantinduced skin cancer development [44] . Thus, chaperone repair networks may prove to be important modifiers of human tissue injury or repair and our identification of transglutaminase-3, SEP53, and SEP70 protein as stress proteins highlights the importance of investigating molecular chaperones as modifiers of disease progression. 
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